Hybrid perovskites have received tremendous attention due to their exceptional photovoltaic and optoelectronic properties. Among the two widely used perovskite solar cell device architectures of n-ip and p-i-n, the latter is interesting in terms of its simplicity of fabrication and lower energy input. 
Introduction
Emerging hybrid perovskite solar cells hold the promise for inexpensive and highly efficient photovoltaic technology, with certified power conversion efficiencies of 24.2 % [1] .
The most successful and widely investigated perovskite solar cell architecture is n-i-p consisting of high temperature processed planar and mesoporous TiO2 as electron transporting layer (ETL) and expensive Spiro OMeTAD as hole transporting layer [2, 3] . In addition to the high energy input, the n-i-p architecture suffers serious J-V hysteresis and Spiro OMeTAD is a poor barrier for the migration of Au/Ag top metal contacts, critically degrading the performance of perovskite solar cells [4] . The alternate and emerging p-i-n planar architecture is promising in terms of simplifying fabrication, reducing energy input in terms of interlayer and reducing the detrimental hysteresis effect [5] . Because of these attributes, this device architecture is favourable for roll-to roll fabrication of perovskite solar cells on flexible and non-customized substrates. However, this architecture has challenges, such as lower efficiency and faster degradation due to the most commonly employed hole transporting layer of PEDOT:PSS, which is hygroscopic and acidic in nature [6] . Development of solution processed inorganic and stable hole extraction layers for the planar p-i-n structure is therefore desirable to enable simple, energy efficient and cost effective fabrication of perovskite solar cells.
A crucial aspect of the operation of perovskite solar cells is the presence of charge selective contacts. For their efficient functioning, these layers need to meet important attributes of high transparency in the visible range, energy level matching with the perovskite active layer, good charge transport properties and being easy to deposit. Among the p-type inorganic semiconductors, NiO is interesting for hole transporting layers because of its wide bandgap, stability, high hole mobility in bulk, good electron blocking ability and energy level matching with hybrid perovskites such as CH3NH3PbI3 [7, 8] . NiO as hole extraction layer has been previously reported for p-i-n planar architecture [6, [9] [10] [11] [12] [13] [14] [15] [16] [17] and very recently for n-i-p perovskite solar cells [18] [19] [20] [21] . Power conversion efficiency as high as ~ 20 % has been demonstrated for p-i-n perovskite solar cells using NiO as HEL and ~ 11% for n-i-p perovskite solar cells. In most of these reports, the NiO is prepared by physical vapor deposition technique such as ALD or sputtering, or by solution processing methods which involve high temperature (270-500 o C)
annealing. However to exploit the promises for device flexibility and conformability with perovskite solar cells, the interlayers also needs to be fabricated at moderate temperatures and specifically, below 150°C in the case where polyethylene terephthalate (PET) is used as the flexible substrate [22] . So far there are only a few studies on low temperature solution processed NiO HEL for perovskite solar cells. Liu et al [21] reported 15.9 % PCE for two step synthesised CH3NH3PbI3 p-i-n perovskite solar cells using NiO thin films annealed at 150 o C and followed by a UV-ozone treatment. Very recently He et al [23] and Chen et al [24] reported 15-20 % PCE for CH3NH3PbI3 p-i-n perovskite solar cells using room temperature processed NiO and Cu:NiO as HEL. Although interesting, these reports do not explore the applicability of using NiO HEL to perovskite compositions other than CH3NH3PbI3, or the shelf-life stability of the fabricated p-i-n solar cells. Furthermore, they do not directly compare the perovskite solar cell device performance with the widely used hole extraction layer of PEDOT:PSS.
Hybrid perovskite solar cells have so far been mainly investigated for their performance under outdoor solar illumination with very few reports discussing the indoor photovoltaic performance of perovskite solar cells [25] [26] [27] [28] [29] . The tuneable bandgap (1.2-3.1 eV) of hybrid perovskites [30] and visible spectral range of indoor light sources give hybrid perovskites considerable potential for indoor light harvesting. Indoor lighting in residential buildings and offices are dominated by compact fluorescent lamps (CFL) and white light emitting diodes (LEDs) which are entirely different in intensity and spectral content compared to the solar spectrum. Indoor solar cells are very interesting for powering smart autonomous systems such as Internet of Things (IoT) applications. IoT is a huge technology field of 'smart' connected devices and is expected to grow rapidly over the coming years. By 2025, IoT is expected to connect 30 billion objects, sensors being more than 60% of devices [31] . Considering the huge number of objects being connected in IoT, the use of power distribution wires or battery is complex, expensive and an environmental issue. Interestingly these wireless sensors need only microwatt ranges of power which could potentially come from indoor solar cells. Hence the development of cost effective, photovoltaic technology to power these sensors is important and hybrid perovskites are an ideal choice.
In the present work, a low temperature (100 0 C), solution processed, NiO nanoparticle based thin film as efficient hole extraction layer is demonstrated for CH3NH3PbI3 and mixed halide perovskites such as CH3NH3PbI2.9Cl0.1 and CH3NH3PbI2.9Br0.1. These NiO nanoparticles were synthesised using flame spray synthesis method which is capable of producing uniformly distributed metal oxide nanoparticles at a high production rate (200 g/h) in a cost efficient manner and without forming any harmful by-products [32] . Thus these NiO nanoparticles are attractive towards the industrial fabrication of perovskite solar cells. 
Experimental details

Preparation of NiO thin films
The dry NiO nanopowder was prepared by flame spray synthesis using a precursor solution of NiO nanoparticle thin films were prepared from the above mentioned NiO nanoparticle suspension (Avantama, P-21, product number 10128, 7 nm particle size) from Avantama. The as-received NiO nanoparticle was ultrasonicated for 1 minute followed by diluting 
Fabrication of perovskite solar cells
The pre-patterned ITO-coated glass substrates were cleaned in detergent (sodium dodecyl sulphate-SDS), successively ultrasonicated in deionized water, acetone and isopropyl alcohol, W) was also used as an illumination source (intensity 0.32 mW/cm 2 ). The irradiance level is measured using RK 5710 power radiometer and Optometer P9710.
Characterization of the NiO and hybrid perovskite thin films
The UV-Vis absorption and transmission spectra of NiO and hybrid perovskite thin films were recorded using a Cary 300 spectrometer for the wavelength range of 300-800 nm. The thickness of the films were measured using Dektak II profilometer (stylus force 6 mg and a measurement range of 6.5 µm). HOMO levels of the NiO and PEDOT:PSS films were measured using ambient photoemission (KP Technology APS03 instrument). The Kelvin probe tip has a gold-alloy coating (2 mm diameter) and when used in contact potential difference (CPD) mode, vibrates at 70 Hz at an average height of 1 mm from the sample surface.
For recording the ambient photoemission spectrum (APS), the sample was illuminated with a 4-5 mm diameter light spot from a tunable monochromated D2 lamp (4-7 eV). The raw photoemission data were corrected for detector offset; intensity normalized, then processed by a cube root power law. 
Results and Discussion:
Properties of NiO films and its comparison with PEDOT:PSS
The characterization of the prepared NiO thin films were done to check the potential of these films to function as hole transporting layers in inverted perovskite solar cells. The transmission properties, the surface morphology, energy level alignment and crystalline properties of the prepared NiO thin films were investigated in this regard. The transmission spectrum of the prepared NiO thin films on ITO substrate is shown in Figure 1 Compared to NiO nanoparticle films, the PEDOT:PSS HOMO is slightly deeper.
Comparison of Photovoltaic properties
After characterizing the various optoelectronic and structural properties, the low temperature solution processed NiO nanoparticle thin films were tested as hole extraction layers in inverted perovskite solar cells using CH3NH3PbI3 as the active layer. The inverted device configuration used consists of glass/ITO/NiO/CH3NH3PbI3/PC61BM/LiF/Ag and is shown in Figure 2 
Properties of CH3NH3PbI3 films on PEDOT:PSS and NiO Hole extraction layers:
To understand the origin of this difference in recombination dynamics of are not related to differences in absorption or crystalline properties of perovskite active layer.
To understand the contribution of any morphological differences, scanning electron microscopy (SEM) images were taken. into NiO which agrees with previous observations of more efficient hole extraction into NiO [37, 38] . The PL decay on NiO is nearly exponential with about 300 ps lifetime and shows that hole extraction occurs with a well-defined homogeneous rate. In contrast, the layer on PEDOT:PSS shows significant non-exponential decay with a long component exceeding 2 ns.
This indicates that hole extraction to PEDOT:PSS is very heterogeneous; a fraction of holes are extracted on the same time scale as to NiO but other holes are extracted very slowly. The homogeneous rate of hole transfer from CH3NH3PbI3 to NiO can be explained by better energy level alignment of CH3NH3PbI3 with NiO (shown in Figure S5 ) and uniform and homogeneous perovskite morphology on NiO HEL compared to PEDOT:PSS HEL. In the case of CH3NH3PbI3 layer on PEDOT:PSS there is unfavourable energy level alignment and nonuniform, aggregated morphology, hence holes can diffuse back into bulk perovskite and can take many attempts to get extracted. Faster hole extraction to NiO will also enhance charge collection rate and prevent charge accumulation at the interface of perovskite with the HEL.
This faster collection of holes and the possibility for reduced recombination can thus account for the improved short circuit current (hence higher EQE) and better Voc of CH3NH3PbI3 solar cells on NiO HEL compared to those on PEDOT:PSS HEL.
From the morphological studies and photophysical characterization, the higher short circuit current density of CH3NH3PbI3 solar cells on NiO is revealed due to homogeneous morphology, better energy level alignment and faster hole extraction from the perovskite active layer. Even though the higher Voc of CH3NH3PbI3 solar cells on NiO can be explained by less recombination losses and favourable energy alignment, to confirm this further surface photovoltage measurement is performed and explained below.
Surface photovoltage measurements
To understand the contribution of HELs specifically to the open circuit voltage, surface photovoltage was measured using a macroscopic Kelvin probe set up. This method allows the measurement of photovoltage of partial or incomplete solar cell device architectures and analysis of each contact (buried interface) on the role of charge extraction and has previously been successfully used to study CH3NH3PbI3 layers grown on different interlayers [39] .
Previously Lee et al [40] have shown that surface photovoltage, which is directly related to the open circuit voltage depends on the relative efficiency of charge extraction at the interfaces. In the next section, the indoor photovoltaic performance of NiO based perovskite solar cells is investigated.
Indoor photovoltaic testing for hybrid perovskites:
Hybrid perovskite solar cells are primarily tested and certified for outdoor applications and Table S3 . However in the case of mixed halide perovskite solar cells CH3NH3PbI2.9Br0.1, CH3NH3PbI2.9Cl0.1, a better shelf-life stability of above 90 % is obtained.
A summary of the stability study is given in Figure 9 (b) and the detailed photovoltaic performance parameters are listed in Table S4 and in Figure S7 .
Conclusion
We have demonstrated that simple solution-processed NiO thin films are efficient hole extraction layers for perovskite solar cells. In particular we find that NiO leads to much better performance than PEDOT:PSS in p-i-n perovskite solar cells. Under solar illumination we obtained a power conversion efficiency of 13.3% for the NiO containing solar cells compared with 7.9% for those made with PEDOT:PSS. We attribute this improvement to superior microstructural, optoelectronic and interface properties of hybrid perovskites grown on NiO.
In addition we showed that the NiO layer worked well with mixed halide perovskites as well as for CH3NH3PbI3.
The low temperature processing of NiO means that we could readily make devices on flexible substrates. We also explored the photovoltaic performance under indoor lighting. We 
